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ORIGINAL RESEARCH

Favorable Atrial Remodeling After 
Percutaneous Pulmonary Valve Implantation 
and Its Association With Changes in 
Exercise Capacity and Right Ventricular 
Function
Heiner Latus , MD; Danik Born, MD; Nerejda Shehu, MD; Heiko Stern, MD; Alfred Hager , MD;  
Stainimir Georgiev , MD; Daniel Tanase, MD; Christian Meierhofer, MD; Peter Ewert, MD; Andreas Eicken, MD; 
Oktay Tutarel, MD

BACKGROUND: Right atrial (RA) dilatation and impaired right ventricular (RV) filling are common in patients with RV outflow tract 
dysfunction. We aimed to study potential correlations between atrial function with clinically relevant hemodynamic parameters 
and to assess the predictive impact of atrial performance on the recovery of exercise capacity and RV pump function after 
percutaneous pulmonary valve implantation (PPVI).

METHODS AND RESULTS: Altogether, 105 patients with right ventricular outflow tract dysfunction (median age at PPVI, 19.2 years; 
range, 6.2–53.4 years) who underwent cardiac magnetic resonance imaging before and 6 months after PPVI were included. 
RA and left atrial maximal and minimal volumes as well as atrial passive and active emptying function were assessed from 
axial cine slices. RA emptying function was inversely related to invasive RV end-diastolic pressure, and RA passive emptying 
correlated significantly with peak oxygen uptake. After PPVI, a significant decrease in RA minimum volume was observed, 
whereas RA passive emptying function improved, and RA active emptying function decreased significantly. Patients with pre-
dominant right ventricular outflow tract stenosis showed more favorable changes in RA active and left atrial passive emptying 
than those with primary volume overload. None of the RA and left atrial emptying parameters was predictive for recovery of 
peak oxygen uptake or RV ejection fraction.

CONCLUSIONS: In patients with right ventricular outflow tract dysfunction, impaired RA emptying assessed by cardiac magnetic 
resonance imaging was associated with increased RV filling pressures and lower exercise capacity. PPVI leads to a reduction 
in RA size and improved passive RA emptying function. However, RA function was not associated with improved exercise 
performance and RV pump function.

Key Words: atrial dysfunction ■ diastolic ventricular function ■ percutaneous pulmonary valve implantation

Right ventricular outflow tract (RVOT) dysfunction is 
commonly encountered in patients after surgery 
of conotruncal congenital heart defects such 

as tetralogy of Fallot (TOF) or pulmonary atresia and 
can also be present after implantation of bioprosthetic 
valves or homografts in the pulmonary position. If left 

untreated, patients with a dysfunctional RVOT are at 
increased risk for heart failure, arrhythmia, and sud-
den cardiac death.1 As a consequence of long-term 
right ventricular (RV) pressure and/or volume overload, 
unfavorable changes in right atrial (RA) dimension and 
function frequently evolve and are associated with RV 
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systolic dysfunction, restrictive RV filling, exercise in-
tolerance, and adverse outcome.2,3 Importantly, atrial 
size and emptying characteristics are closely related to 
diastolic ventricular filling properties that can be quan-
tified noninvasively using cardiac magnetic resonance 
(CMR) imaging.4

By reducing RV overload, percutaneous pulmo-
nary valve implantation (PPVI) can preserve biventric-
ular function and prevent these long-term changes. 
However, although PPVI is nowadays performed with 
an overall high procedural success rate, an improve-
ment in exercise performance and RV function after 
restoration of pulmonary valve function is not observed 
in all patients.5 Additionally, restrictive RV filling has 
been described as an important hemodynamic burden 
among patients with dysfunctional RVOT,4,6 but the ef-
fect of PPVI on restrictive RV filling and its impact on 
clinical status and hemodynamics remain largely un-
known. Consequently, there still remain uncertainties 
about the indication and optimal timing of PPVI in this 
population.

By using CMR imaging, our study aimed to analyze 
biatrial volume and emptying function in patients with 
RVOT dysfunction to reveal its association with invasive 
hemodynamic data, exercise capacity, and the severity 
of tricuspid valve regurgitation (TR). Furthermore, bi-
atrial remodeling following PPVI and the predictive im-
pact of atrial performance on the recovery of exercise 
capacity and RV pump function after PPVI is assessed.

METHODS
The data that support the findings of this study are 
available from the corresponding author on reason-
able request.

Study Population
Patients who underwent PPVI at the German Heart 
Center, Munich between September 2006 and January 
2017 were considered for inclusion in this retrospec-
tive analysis of prospectively collected data (Figure 1). 
Patients who are referred for PPVI at our center are 
usually evaluated according to a standardized protocol 
including the following: history with assessment of New 
York Heart Association functional class, echocardiog-
raphy, CMR imaging, and cardiopulmonary exercise 
testing before and 6 months after PPVI as previously 
reported.7,8 The primary outcome was improved ex-
ercise capacity after PPVI measured by peak oxygen 

CLINICAL PERSPECTIVE

What Is New?
•	 In patients with right-sided congenital heart dis-

ease, parameters of right atrial emptying show 
significant associations with peak oxygen up-
take and invasive filling pressures before percu-
taneous pulmonary valve implantation.

•	 After percutaneous pulmonary valve implanta-
tion, right atrial emptying function improved, but 
was not predictive for an improvement in exer-
cise capacity or right ventricular function.

What Are the Clinical Implications?
•	 Noninvasive quantification of atrial emptying 

function by cardiac magnetic resonance imag-
ing may represent a useful adjunct to assess 
hemodynamics before percutaneous pulmo-
nary valve implantation.

•	 Its implications for defining the best time point 
for percutaneous pulmonary valve implantation 
still needs to be defined.

Nonstandard Abbreviations and Acronyms

PPVI	 percutaneous pulmonary valve 
implantation

PR	 pulmonary regurgitation
RA	 right atrial
TOF	 tetralogy of Fallot
TR	 tricuspid valve regurgitation

Figure 1.  Graph displaying the study flow with the total 
number of patients with PPVI at our center and the number 
of patients included for final analysis.
CMR indicates cardiac magnetic resonance; CPET, 
cardiopulmonary exercise testing; PPVI indicates percutaneous 
pulmonary valve implantation; RVEDP, right ventricular end-
diastolic pressure; and RVOT, right ventricular outflow tract.
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uptake (VO2) and improved right ventricular ejection 
fraction (RVEF) after PPVI. The relation between atrial 
volume and function at baseline as well as after PPVI 
with the primary outcome measures were studied.

This study complies with the Declaration of Helsinki, 
and the ethics committee of the Medical Faculty of the 
Technical University of Munich has approved the re-
search protocol. All patients or parents of the patients 
gave written informed consent.

CMR Imaging
CMR imaging studies were acquired on a 1.5 T system 
(Magnetom Avanto; Siemens, Erlangen, Germany) with 
a standard 12-element cardiac phased array coil and 
with patients in a supine position. We used a stand-
ard, balanced, steady-state free precession sequence 
(TrueFisp; Siemens) with retrospective ECG gating 
and a slice thickness of 5, 6, or 8 mm depending on 
bodyweight, no interslice gap, repetition time/echo 
time=40/1.3  ms, field of view=340×276, acquisition 
matrix=192×192, voxel size=1.78×1.44×5–8  mm, and 
25 reconstructed phases per R-R interval acquired 
during breath holds in adults and during free breathing 
in young children.

End-diastolic volume, end-systolic volume, stroke 
volume, and ejection fraction for the right ventricle 
and left ventricle were calculated from axial cine data 
sets after endocardial borders were traced manually. 
Standard 2-dimensional phase contrast flows in the 
proximal main pulmonary artery were measured, and 
pulmonary regurgitant fraction was calculated.

CMR Image Analysis of Atrial Size and 
Function
The endocardial contours of the right atrium and left 
atrium were manually traced in every slice of the stack 
of axial cine images. The atrial appendages were in-
cluded in the measurement of atrial volumes, whereas 
the superior and inferior caval vein, coronary sinus, 
and pulmonary veins were excluded at their junction 
to the atrium (Figure  2A).9 Atrial volumes over time 
were obtained by adding all the atrial areas of all slices 
for all cardiac phases by the summation disk method 
(Figure  2A). All parameters were adjusted to body 
surface area that was calculated using the Mosteller 
method.

Atrial Physiology and Parameters of 
Biatrial Size and Function
The role of the atria during the cardiac cycle can be 
divided into 3 different phases. During ventricular sys-
tole (phase 1), the atria serve as a reservoir for venous 
blood return. During early diastole (phase 2), the atria 
act as passive conduits by relaxation of the ventricle. In 

late diastole (phase 3), ventricular filling is augmented 
by an active atrial contraction (atrial kick or booster 
function) (Figure  2B). Accordingly, the following atrial 
volumes were assessed: maximal atrial volume at (ven-
tricular) end-systole, minimal atrial volume at (ventricu-
lar) end-diastole, as well as minimal and maximal atrial 
volume at mid-diastole.

Cyclic volume change was quantified by subtrac-
tion of minimal from maximal atrial volume. Passive 
emptying volume was calculated by subtracting min-
imal atrial volume at mid-diastole from maximal atrial 
volume. Active emptying volume was calculated by 
subtracting minimal atrial volume at (ventricular) end-
diastole from maximal atrial volume at mid-diastole 
(before atrial contraction). Passive emptying function 
was calculated as passive emptying volume divided 
by maximal atrial volume, and active emptying function 
was calculated as active emptying volume divided by 
atrial volume at mid-diastole (both expressed as per-
centage).10 E/A ratio was defined as passive emptying 
volume divided by active emptying volume.

Echocardiography
Transthoracic echocardiography (Vivid 7; General 
Electric, Vingmed, Horten, Norway) was performed to 
determine the maximal velocity across the RVOT using 
continuous wave Doppler. RVOT gradients were calcu-
lated according to the Bernoulli equation. The severity 
of TR was graded according to current guidelines and 
was quantified as no/mild, moderate, and severe.11

Cardiopulmonary Exercise Testing
All patients underwent symptom-limited cardiopulmo-
nary exercise testing in an upright position on a bicy-
cle ergometer as previously described.7 Peak VO2 was 
chosen as a correlate for maximal exercise capacity.

Statistical Analysis
All continuous variables were tested for normal dis-
tribution using the D’Agostino-Pearson test and are 
presented as mean with SD or median and range, as 
appropriate. Comparisons between the subgroups 
were made with the Student t test, the Mann-Whitney 
U test, or the Fisher exact test, as appropriate. Pearson 
correlation coefficient was used to analyze simple lin-
ear relationships between different variables. Binary 
logistic regression analysis was used to assess predic-
tors for the following proposed outcome measures: (1) 
improved exercise capacity after PPVI and (2) improved 
RVEF after PPVI (odds ratio [OR] with 95% CI). Analysis 
was performed using GraphPad (San Diego, CA) and 
SPSS statistical software package (version 25.0; IBM, 
Armonk, NY). A P value <0.05 was considered statisti-
cally significant.
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RESULTS
Patient Characteristics and Clinical Data
For the intended analysis of our study, patients had to 
be excluded because of lack of appropriate CMR imag-
ing data or missing follow-up data. For detailed infor-
mation on the selection of the study population, please 
see Figure 1. Altogether, 105 patients were included (37 
women [35%]; median age at PPVI, 19.2 years; inter-
quartile range, 6.2–53.4 years; Table 1). The follow-up 
was performed 6.4±1.8 months after PPVI. The most 
common underlying congenital heart disease were TOF/
pulmonary atresia with ventricular sepal defect (53%), 
common arterial trunk (22%), and patients after pulmo-
nary autograft (Ross) procedure (12%). The majority of 
patients (62%) had primary RVOT stenosis (defined as 
peak RVOT gradient ≥50 mm Hg and pulmonary regur-
gitation (PR) <20%), 26% of the patients had predomi-
nant PR (PR ≥20%), and 12% of the patients had RV 
volume/pressure load in combination with other factors 
such as declining peak VO2 and/or impaired RVEF that 
resulted in the indication for PPVI.

Both New York Hearth Association functional 
class (P<0.001) and exercise capacity (P=0.0009) 
improved significantly after PPVI. The echocar-
diographic peak gradient across the RVOT was 
68±21  mm  Hg before PPVI and decreased signifi-
cantly to 28±10 mm Hg (P<0.0001) after PPVI. Heart 

rate during the CMR imaging studies did not change 
significantly (57±12 to 73±11 per minute, P=0.24). In 
83 of the 105 patients, cardiopulmonary exercise 
testing data were available before and after PPVI, 
and peak VO2 increased significantly from 28.9±8.2 
to 30.8±8.8, P<0.001 (peak VO2 predicted from 
74±17 to 80±16, P<0.001).

CMR Imaging Findings of Biatrial Size and 
Emptying Function
After PPVI, there was a significant decrease in minimal 
RA volume at (ventricular) end-diastole (RAmin) (38±17 to 
33±15 mL/m2; P<0.0001) and maximal right atrial volume 
at (ventricular) end-systole volumes (58±21 to 52±20 mL/
m2; P<0.0001; Table  2). RA passive emptying function 
improved significantly (19%±6% to 22%±6%; P<0.0001), 
whereas RA active emptying function decreased signifi-
cantly (33%±14% to 32%±10%; P=0.005). RA E/A ratio 
increased from 1.0±0.4 to 1.2±0.5 (P<0.001). Maximal left 
atrial volume at (ventricular) end-systole volume increased 
(36±10 to 38±10 mL/m2; P=0.001) and minimal left atrial 
volume at (ventricular) end-diastole volume remained 
unchanged (19±7 to 19±6  mL/m2; P=0.09). Left atrial 
(LA) passive emptying function improved (31%±7% to 
33%±8%; P<0.001) significantly, whereas LA active emp-
tying function (43%±135% to 42%±11%; P=0.79) did not 
change. LA E/A ratio increased from 1.5±0.7 to 1.6±0.6 
(P=0.005).

Associations of RA and LA Volumes and 
Function
RA passive emptying function (r=−0.27, P=0.02) 
and baseline RA active emptying function (r=−0.35, 
P=0.001) before PPVI showed significant inverse re-
lationships with invasive RV end-diastolic pressures 
measured at the time of PPVI (Figure 3), whereas RAmin 
volume was not significantly related with RV end-
diastolic pressures (r=0.15, P=0.13).

Both RA passive emptying function (r=0.23, P=0.04) 
and LA passive emptying function (r=0.26, P=0.02) 
were significantly related to peak VO2 before PPVI 
(Figure 4). No significant associations between these 
variables were observed after PPVI.

RAmin and RA emptying function showed no signif-
icant relationships with the peak RVOT gradient or the 
degree of PR before PPVI.

Changes in RA size and emptying function were 
also not related to the decrease in peak RVOT gradient. 

Figure 2.  Assessment of biatrial volumes and parameters of atrial emptying by manual segmentation of the right atrium (RA, 
yellow) and left atrium (red) through a stack of axial slices covering both atria and ventricles in 1 cardiac cycle (25 phases) (A) 
and representative time vs volume curve of the RA with its characteristic biphasic shape and the corresponding measures of 
RA maximum (Max.) volume, RA minimum (Min.) volume, passive emptying volume, and active emptying volume (B).
Atrial passive emptying function was calculated as passive emptying volume divided by maximal atrial volume, and active emptying 
function was calculated as active emptying volume divided by maximal atrial volume at mid-diastole (both expressed as percent).

Table 1.  Baseline Characteristics of the Study Population

Variable Value

Men/women 68/37

Diagnosis

Tetralogy of Fallot/pulmonary atresia with 
ventricular septal defect

56 (53)

Common arterial trunk 23 (22)

Ross (pulmonary autograft) procedure 11 (12)

Pulmonary atresia with intact ventricular septum 5 (5)

Rastelli procedure 4 (4)

Complete atrioventricular septal defect 4 (4)

Valvular pulmonary stenosis 2 (2)

Age at PPVI, y 19.2 (6.2–53.4)

Weight, kg 61±23

Height, cm 162±19

BSA, m2 1.64±0.40

Data are presented as number, mean±SD, median (range), or number 
(percent). BSA indicates body surface area (Mosteller method); and PPVI, 
percutaneous pulmonary valve implantation.
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Absolute decreases in PR showed a weak relationship 
with changes in RAmin (r=0.21, P=0.03), whereas param-
eters of RA emptying were unrelated to the change in PR.

Role of TR
Before PPVI, TR was absent or mild in 56 patients 
(53%), moderate in 22 patients (21%), and severe in 27 
patients (26%). Following PPVI, TR severity decreased 
significantly (P<0.001) within the total study popula-
tion (Table 2). In all TR subgroups, RAmin volume de-
creased significantly after PPVI (Figure 5). Compared 
with patients with no/mild TR, patients with severe TR 
had larger RAmin volumes (P=0.017) before PPVI that 
remained significantly increased after PPVI (P=0.03), 
although the absolute reduction in RAmin volume was 
more pronounced in these patients (Figure 6). No sig-
nificant differences before and after PPVI were ob-
served in RA passive emptying function between the 

TR groups, and only in patients with severe TR, RA 
passive emptying improved significantly. RA active 
emptying function was significantly lower in the group 
with severe TR compared with the group with no/mild 
TR both before and after PPVI.

Impact of RV Pressure and Volume Load
Patients with predominant RV volume overload (PR 
>20%, n=27) were compared with a group of pa-
tients with isolated pressure overload (peak RVOT 
gradient >50 mm Hg, PR <20%, n=27). The groups 
were matched with regard to age (22.6±10.4 versus 
22.1±9.6 years; P=0.95), underlying diagnoses, and 
sex. No differences in clinical parameters (New York 
Heart Association functional class, peak VO2) and 
TR severity were observed between the 2 groups. 
Patients with predominant PR showed signifi-
cantly higher indexed right ventricular end-diastolic 

Table 2.  Changes in Clinical, Echocardiographic, and Cardiac Magnetic Resonance Data Following PPVI

Variable Before PPVI After PPVI P value

NYHA class I/II/III/IV 28/69/8/0 85/18/2/0 <0.001*

Peak VO2, mL/kg per min 28.9±8.2 30.8±8.8 <0.0001*

Peak VO2 predicted, % 74±17 80±16 <0.0001*

TR, mild/moderate/severe 56/22/27 73/27/5 <0.001*

Heart rate, per min 75±12 73±11 0.24

RVOT gradient echo, mm Hg 68±21 28±10 <0.0001*

PR, % 9 (0–55) 1 (0–33) <0.0001*

RVEDVi, mL/m2 91±27 82±25 <0.0001*

RVESVi, mL/m2 43±25 37±21 <0.0001*

RVSVi, mL/m2 48±13 46±10 0.17

RVEF, % 54±13 57±10 0.0008*

LVEDVi, mL/m2 73±16 81±17 <0.0001*

LVESVi, mL/m2 32±10 34±10 0.0004*

LVSVi, mL/m2 42±10 47±10 <0.0001*

LVEF, % 57±9 58±7 0.25

Cardiac index, L/min per m2 3.1±0.8 3.4±0.8 0.0008*

RAmax i, mL/m2 58±19 52±17 <0.0001*

RAmin i, mL/m2 37±15 33±13 <0.0001*

RA cyclic volume change, mL/m2 20±7 19±6 <0.0001*

RA passive emptying function, % 19±6 22±6 <0.0001*

RA active emptying function, % 25±7 23±6 0.01*

RA E/A 1.0±0.4 1.2±0.5 <0.001*

LAmaxi, mL/m2 36±10 39±9 0.0003*

LAmini, mL/m2 19±7 20±6 0.15

LA cyclic volume change 17±5 19±5 <0.0001*

LA passive emptying function, % 31±6 32±8 0.009*

LA active emptying function, % 29±6 30±5 0.90

LA E/A 1.5±0.7 1.6±0.6 0.005*

Data are presented as number, mean±SD, or median (range). EDV indicates end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume; i, indexed; 
LA, left atrial; LV, left ventricular; NYHA, New York Heart Association; PR, pulmonary regurgitant fraction; RA, right atrial; RV, right ventricular; RVOT, right 
ventricular outflow tract; SV, stroke volume; TR, tricuspid valve regurgitation; and VO2, oxygen uptake.

*P<0.05.
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volumes (RVEDVi) before PPVI (100±30 versus 
83±30 mL/m2, P=0.004), whereas RVEF (55%±14% 
versus 56%±4%, P=0.47) and left ventricular param-
eters were similar. Indices of biatrial size and emp-
tying function did not differ between the 2 groups 
before PPVI (Figure  7). Following PPVI, RAmin vol-
umes decreased, and RA passive emptying func-
tion increased significantly in both groups. Although 
RA active emptying function remained unchanged in 
the stenosis group (P=0.44), a significant decrease 
(P=0.001) was noted in patients with PR. Although 
not different before PPVI (P=0.19), LA passive emp-
tying function improved significantly in patients with 
isolated pressure overload (P=0.002) but remained 
unchanged in the PR group (P=0.99).

Predictors for Improved Exercise 
Capacity and Improved RVEF After PPVI
Of the 83 patients who had a before and after PPVI 
cardiopulmonary exercise testing study, 59 patients 
(71%) showed an improvement in peak VO2 (defined as 
an increase in peak VO2 predicted following PPVI). In a 
binary logistic regression model, significant predictors 
for an increase in peak VO2 were lower peak VO2 (OR, 
0.97; 95% CI, 0.93–0.99; P=0.01), a lower baseline 
RVOT gradient (OR, 0.97; 95% CI, 0.94–0.99; P=0.01) 

and the absolute change in RVOT gradient (OR, 0.97; 
95% CI, 0.94–0.99; P=0.007; Table 3).

In 65 of the 105 patients (62%), an improvement in 
RVEF was observed after PPVI. An increase in RVEF 
was associated with New York Heart Association class 
>I (OR, 2.90; 95% CI, 1.06–7.95; P=0.039), higher in-
dexed right ventricular end-systolic volumes (RVESVi) 
(OR, 1.05; 95% CI, 1.02–1.08; P=0.002), lower RVSVi 
(OR, 0.94; 95% CI, 0.90–0.97; P=0.001) as well as 
lower RVEF (OR, 0.88; 95% CI, 0.83–0.93; P=0.0001) 
and left ventricular ejection fraction (OR, 0.95; 95% CI, 
0.90–1.00; P=0.036; Table 4).

Neither invasively assessed right ventricular end-
diastolic pressure before PPVI nor biatrial volumes and 
parameters of passive and active emptying were found 
to be predictive for both outcome measures.

DISCUSSION
Our study demonstrated that in patients with RVOT dys-
function, parameters of RA passive and active empty-
ing function derived from CMR imaging atrial volumetry 
correlated inversely with invasive RV end-diastolic pres-
sures. Furthermore, both impaired RA and LA emptying 
function were associated with reduced exercise capac-
ity. Following PPVI, a significant decrease in RA vol-
umes and significant changes in passive and active RA 

Figure 3.  Right atrial (RA) passive and active emptying function showed an inverse correlation with invasively assessed 
right ventricular end-diastolic pressure (RVEDP), whereas RA minimum (min) volumes were not significantly related with 
RVEDP. 

Figure 4.  Significant correlations were found between both right atrial (RA) and left atrial 
(LA) passive emptying function and maximal (max) oxygen uptake (VO2). 
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emptying were observed. Compared with patients with 
predominant volume overload, those with primary pres-
sure overload showed a more favorable RA remodeling 
pattern for RA active and LA passive emptying. Neither 
RA size nor passive or active emptying parameters 
were able to predict an improvement in exercise perfor-
mance or RVEF during short-term follow-up after PPVI. 
Therefore, our results suggest that RV filling character-
istics play an important hemodynamic role in patients 
with RVOT dysfunction but may not help to predict a 
short-term improvement after PPVI.

Role of RA Dimension and Emptying 
Function in Patients With RVOT 
Dysfunction
In patients with repaired TOF and varying degrees of 
RV pressure and/or volume overload, restrictive RV fill-
ing and abnormal early relaxation are well described.12,13 
However, identification of impaired RV diastolic function 
using noninvasive imaging techniques is challenging.14 
Restrictive RV physiology defined by pulmonary arte-
rial end-diastolic forward flow has initially been linked 
with a preserved hemodynamic state, but other studies 

were not able to confirm the reliability and clinical useful-
ness of this marker.12 Considering the close relationship 
between atrial emptying and ventricular filling, param-
eters of atrial emptying derived by echocardiography 
and CMR imaging have been used to characterize dias-
tolic function of the right ventricle and left ventricle.9,10,15 
Our results support these findings by demonstrating a 
significant relationship of passive and active RA emp-
tying function with invasively measured end-diastolic 
RV pressures. In contrast, RA volumes, which are fre-
quently used in clinical routine as a sign of RV restric-
tion, were not related to invasive pressures, probably 
because of a varying amount of coexisting TR. The clini-
cal relevance of impaired early RV filling in this popula-
tion is further supported by the observed relationship 
between impaired RA passive emptying function and 
reduced exercise capacity and is in accordance with 
previous studies.9

Changes in Atrial Size and Emptying 
Function in Response to PPVI
Accompanied by a reduction in RV dimensions and 
improved RV pump function, a significant decrease in 

Figure 5.  Graphs displaying changes of right atrial minimal (RAmin) volume and 
right atrial (RA) passive and active emptying function before (orange) and after (blue) 
percutaneous pulmonary valve implantation (PPVI) according to the severity of tricuspid 
valve regurgitation (TR) before valve implantation.
Data are presented as mean with 1 SD. n.s. indicates not significant.



J Am Heart Assoc. 2021;10:e021416. DOI: 10.1161/JAHA.121.021416� 9

Latus et al� Atrial Remodeling After PPVI

RA size was also observed in our study, which is con-
sistent with other studies that quantified atrial dimen-
sions using CMR imaging.16 Given that RA dilatation 
is associated with the occurrence of supraventricular 
tachycardia and represents an independent predic-
tor for adverse clinical events in this population,2,3,17 
the reduction in RA size after PPVI constitutes a ben-
eficial adjunct to the favorable ventricular remodeling 
process. Furthermore, a recent study on patients with 
TOF demonstrated that increased RA volume was a 
significant predictor for an adverse outcome after sur-
gical pulmonary valve replacement.18

The improvement in RA passive emptying function 
and the decrease in active emptying after PPVI cer-
tainly indicates better early filling of the right ventricle. 
These findings illustrate the complex response of RV 
filling that occurs with unloading of the right ventricle 
and might explain why previous studies reported con-
trary results with either improved or unchanged dia-
stolic ventricular function after PPVI.19–22 A potential 
explanation for these divergent findings could be the 
use of different echocardiographic and CMR imaging 
techniques to assess diastolic function such as tricus-
pid valve inflow analysis, tissue Doppler, or strain im-
aging. Time of follow-up after PPVI could also lead to 
different results, because improvement in RV diastolic 
function seems to be delayed compared with recov-
ery of systolic performance.19 Therefore, uncertain-
ties about the impact of PPVI on intrinsic RV diastolic 
function remain, because all of these studies primarily 

assessed load-dependent measures of ventricular 
filling.

Role of TR
Additional volume overload attributable to significant 
TR is common in patients with RVOT dysfunction. 
Previous studies reported a beneficial effect of vol-
ume unloading by PVR on tricuspid valve function 
even without concomitant tricuspid valve surgery re-
pair.23,24 We were able to confirm these observations 
and further demonstrated that patients with moder-
ate and severe TR also responded to PPVI with a 
greater reduction in RA volumes. Nevertheless, RA 
size still remained enlarged, and impaired active 
emptying function was present in patients with se-
vere TR before and after PPVI. Accordingly, our re-
sults suggest that patients with relevant TR benefit 
considerably from PPVI with regard to reduction in 
RA size, but RA dilatation and impaired emptying 
persist after valve restoration at least at short-term 
follow-up, which might become of prognostic rele-
vance in the long-term.8

Impact of RV Pressure and Volume Load
It has been hypothesized that the response to PPVI 
differs between pressure and volume- loaded right 
ventricles. In the study by Lurz and colleagues, RVEF 
recovered only in patients with primary stenosis, 
whereas it remained unchanged in patients with pri-
mary PR.25 Another study found a significant increase 
in RV strain after PPVI solely in the group with predomi-
nant stenosis, whereas left ventricular strain improved 
significantly in both groups.26 By using a matched sub-
group analysis, our study adds to these findings that 
changes in RA active and LA passive emptying func-
tion were more favorable in the group with isolated ste-
nosis, whereas RA dimensions decreased to the same 
extent in both groups. Accordingly, recovery of atrial 
emptying function seems to be impaired in patients 
with enlarged right ventricles, although volume over-
load could be effectively reduced by PPVI. Whether this 
feature is associated with long-term ventricular remod-
eling, maintenance of exercise capacity, and prognosis 
in this group needs to determined in future studies. It is 
important to note that RA dimensions and TR severity 
did not differ between the 2 groups, whereas patients 
with primary RV volume overload showed larger RV 
end-diastolic volumes. We can only speculate about 
this finding, but reduced RV compliance may play a 
role in the recovery of active atrial function after PPVI. 
Furthermore, it might be possible that early changes in 
RA function may differ between the 2 groups, whereas 
long-term remodeling may be similar. With the present 
data, any statement on a critical cutoff for RV dimen-
sions that is associated with sufficient RA functional 

Figure 6.  Diagram displaying the absolute change in 
right atrial minimal volume (RAmin) after percutaneous 
pulmonary valve implantation (PPVI).
Patients with severe tricuspid valve regurgitation (TR) before 
PPVI showed the most distinct reduction in RAmin. Data are 
presented as mean with 1 SD. n.s. indicates not significant.
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recovery is not possible, but might be feasible in the 
future with a larger data set.

RA Physiology as Predictor for 
Improvement in Exercise Capacity or RV 
Function
Neither changes in RA volumes nor parameters of 
atrial emptying were able to predict an improvement 
in peak VO2 or RVEF during the short-term after PPVI. 
These results suggest that assessment of atrial emp-
tying properties may not help to predict short-term 
clinical improvements after PPVI, although long-term 
outcomes on adverse events are not yet available in 
our population. In contrast, significant predictors for 
better peak VO2 after PPVI were lower baseline peak 
VO2, lower baseline RVOT gradient, and the absolute 
change in RVOT gradient. Consequently, even if a high 
RVOT gradient can be effectively reduced by PPVI, 
exercise performance remains unchanged or even 
decreases. Notably, this finding is in contrast to a pre-
vious report in which a reduction in the RVOT gradi-
ent was the only independent predictor of improved 
peak oxygen uptake.27 Although the reason for these 

contradictory results remains unclear (other factors 
such as underlying diagnoses, age at intervention, and 
PR severity may have an impact), both the extent of 
RV afterload and its absolute reduction occurring with 
PPVI seem to be more important modulators of exer-
cise function than other clinical parameters including 
biventricular function.28 Further research in this field 
is warranted, because adequate indication and tim-
ing of RVOT interventions are crucial in this patient 
population.

Study Limitations
A limitation of our study is that a comparison of atrial 
dimensions and function with an age- matched healthy 
control group was not possible. Therefore, conclusions 
about normalization of these parameters after PPVI 
cannot be made. The observed correlations should 
not be interpreted as causal relationships in view of 
the observational design of the study. Our analysis in-
cluded patients with various congenital heart diagno-
ses who were referred for PPVI, whereas most of the 
existing data on atrial function in this population are 
based on repaired patients with TOF predominantly 

Figure 7.  Graphs displaying changes of right atrial minimal volume (RAmin), right atrial 
(RA) and left atrial (LA) passive, and RA active emptying function before (orange) and after 
(blue) percutaneous pulmonary valve implantation (PPVI) in a matched subgroup analysis 
comparing patients with primary right ventricular (RV) pressure overload with patients 
affected by primary RV volume overload.
Data are presented as mean with 1 SD. n.s. indicates not significant.
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affected by PR. Furthermore, as the number of pa-
tients with pure volume overload (PR >20% and peak 
RVOT gradient <50  mm  Hg) was low, the subgroup 

analysis also included patients with a mixed lesion 
(PR >20% and peak RVOT gradient >50  mm  Hg).25 
Differentiation between intrinsic atrial dysfunction and 

Table 3.  Binary Logistic Regression Analysis for the 
Outcome Measure Improved Peak VO2 After PPVI

Parameter OR 95% CI P value

Age at PPVI, y 1.02 0.97–1.07 0.47

NYHA > class I 0.74 0.27–2.07 0.57

Peak VO2, mL/min per kg 0.95 0.89–1.01 0.11

Peak VO2 predicted, % 0.96 0.93–0.99 0.01*

RVOT gradient echocardiography, 
mm Hg

0.97 0.94–0.99 0.012*

TR > moderate, yes/no 0.96 0.32–2.86 0.94

RVEDP catheterization, mm Hg 1.01 0.87–1.16 0.94

RVEDVi, mL/m2 1.02 1.00–1.05 0.05

RVESVi, mL/m2 1.03 0.98–1.06 0.07

RVSVi, mL/m2 1.01 0.98–1.05 0.46

RVEF, % 0.98 0.94–1.02 0.36

PR, % 1.01 0.97–1.04 0.80

LVEDVi, mL/m2 1.00 0.97–1.03 0.95

LVESVi, mL/m2 0.98 0.94–1.03 0.45

LVSVi, mL/m2 1.02 0.97–1.07 0.39

LVEF, % 1.03 0.98–1.09 0.22

RAmax, mL/m2 1.00 0.98–1.03 0.86

RAmin, mL/m2 1.00 0.97–1.03 0.95

RA cyclic volume change, mL/m2 1.01 0.95–1.09 0.72

RA passive emptying function, % 0.98 0.90–1.07 0.65

RA active emptying function, % 1.04 0.96–1.12 0.34

RA E/A 0.52 0.16–1.64 0.26

LAmax, mL/m2 0.99 0.94–1.03 0.52

LAmin, mL/m2 0.98 0.91–1.06 0.67

LA passive emptying function, % 1.01 0.94–1.09 0.79

LA active emptying function, % 0.99 0.91–1.08 0.81

Δ RVOT gradient 
echocardiography, mm Hg

0.97 0.94–0.99 0.007*

Δ RAmax, mL/m2 0.99 0.92–1.05 0.64

Δ RAmin, mL/m2 0.97 0.90–1.05 0.44

Δ RA passive emptying function, % 1.01 0.89–1.17 0.80

Δ RA active emptying function, % 1.06 0.94–1.20 0.32

Δ LAmax, mL/m2 1.02 0.95–1.10 0.58

Δ LAmin, mL/m2 1.04 0.91–1.18 0.59

Δ LA passive emptying function, % 1.00 0.91–1.11 0.95

Δ LA active emptying function, % 1.04 0.93–1.17 0.51

EDP indicates end-diastolic pressure; EDV, end-diastolic volume; EF, 
ejection fraction; ESV, end-systolic volume; i, indexed to body surface area; 
LA, left atrial; LV, left ventricular; NYHA, New York Heart Association functional 
class; OR, odds ratio; PPVI, percutaneous pulmonary valve implantation; PR, 
pulmonary regurgitation; RA, right atrial; RV, right ventricular; RVOT, right 
ventricular outflow tract; SV, stroke volume; TR, tricuspid valve regurgitation; 
and VO2, oxygen uptake.

*P<0.05.

Table 4.  Binary Logistic Regression Analysis for the 
Outcome Measure Improved RVEF After PPVI

Parameter OR 95% CI P value

Age at PPVI, y 0.97 0.94–1.01 0.16

NYHA > class I 2.90 1.06–7.95 0.039*

Peak VO2, mL/min per kg 1.00 0.95–1.05 0.95

Peak VO2 predicted, % 0.99 0.96–1.01 0.33

RVOT gradient echocardiography, 
mm Hg

1.01 1.00–1.03 0.15

TR > moderate, yes/no 0.97 0.39–2.41 0.95

RVEDP catheterization, mm Hg 1.06 0.95–1.19 0.30

RVEDVi, mL/m2 1.01 0.99–1.02 0.31

RVESVi, mL/m2 1.05 1.02–1.08 0.002*

RVSVi, mL/m2 0.94 0.90–0.97 0.001*

RVEF, % 0.88 0.83–0.93 0.0001*

PR, % 0.98 0.96–1.01 0.28

LVEDVi, mL/m2 1.00 0.97–1.02 0.81

LVESVi, mL/m2 1.02 0.98–1.07 0.26

LVSVi, mL/m2 0.97 0.93–1.01 0.13

LVEF, % 0.95 0.90–1.00 0.036*

RAmax, mL/m2 1.01 0.99–1.03 0.43

RAmin, mL/m2 1.02 0.99–1.05 0.24

RA cyclic volume change, mL/m2 0.99 0.93–1.05 0.68

RA passive emptying function, % 0.98 0.91–1.05 0.52

RA active emptying function, % 0.98 0.92–1.04 0.45

RA E/A 0.79 0.49–1.27 0.33

LAmax, mL/m2 0.98 0.94–1.02 0.24

LAmin, mL/m2 0.99 0.93–1.04 0.62

LA passive emptying function, % 1.02 0.95–1.09 0.68

LA active emptying function, % 0.98 0.91–1.05 0.55

Δ RVOT gradient echocardiography, 
mm Hg

1.01 0.99–1.03 0.16

Δ RAmax, mL/m2 1.01 0.96–1.07 0.71

Δ RAmin, mL/m2 0.97 0.91–1.04 0.34

Δ RA passive emptying function, % 1.06 0.96–1.18 0.23

Δ RA active emptying function, % 1.08 0.98–1.19 0.13

Δ LAmax, mL/m2 1.04 0.97–1.11 0.28

Δ LAmin, mL/m2 0.99 0.89–1.10 0.84

Δ LA passive emptying function, % 1.06 0.98–1.15 0.14

Δ LA active emptying function, % 1.02 0.93–1.13 0.66

EDP indicates end-diastolic pressure; EDV, end-diastolic volume; EF, 
ejection fraction; ESV, end-systolic volume; i, indexed to body surface area; 
LA, left atrial; LV, left ventricular; NYHA, New York Heart Association functional 
class; OR, odds ratio; PPVI, percutaneous pulmonary valve implantation; PR, 
pulmonary regurgitation; RA, right atrial; RV, right ventricular; RVOT, right 
ventricular outflow tract; SV, stroke volume; TR, tricuspid valve regurgitation; 
and VO2, oxygen uptake.

*P<0.05.
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impaired ventricular filling was not possible in the cur-
rent study. Although assessment of late gadolinium 
enhancement would provide further information about 
the potential relationship between RV myocardial fibro-
sis and RA function, this technique was not part of the 
routine CMR imaging protocol. Finally, analysis of atrial 
emptying function was not possible in all patients, and 
because of the short-term follow-up of 6 months after 
PPVI, the long-term changes and prognostic relevance 
of atrial volumes and function remain unknown.

CONCLUSIONS
In patients with RVOT dysfunction and various degrees 
of pressure and volume overload, parameters of RA 
emptying assessed by CMR imaging correlated with 
invasive RV end-diastolic pressures and impaired RA 
emptying was associated with reduced exercise per-
formance. Passive RA emptying function improved, 
and active RA emptying decreased after PPVI. Patients 
with primary pressure overload showed more favora-
ble changes in RA and LA emptying than patients with 
predominant volume overload. None of the RA empty-
ing parameters was predictive for recovery of exercise 
function or RV pump function short term after PPVI.
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